Abstract-In 1999, Typhoon 9918 struck Kyushu Island, which is located in Western Japan. Due to the storm surge and wind waves, the typhoon caused enormous damage to maritime structures. In this paper, the Improved Central Pressure Method is used to estimate the number of damage cases of damaged maritime structures along the coast caused by Typhoon 9918. Based on 74 previous typhoons, the Improved Central Pressure Method creates an index that determines the vulnerability of the coast to a typhoon with a specified path. This index is estimated using the path of Typhoon 9918 as determined from the location and the direction of the typhoon at a latitude of 30° N. The vulnerability index of maritime structures is calculated based on the path of the typhoon and coastline. The number of damage cases is estimated using the vulnerability index and the central pressure of the typhoon at a latitude of 30° N. Based on the results, the Central Pressure Method can be used to estimate the damage level of maritime structures that will occur along the coast before a typhoon strikes.
I. INTRODUCTION
As shown in Fig. 1 , Typhoon 9918 struck Kyushu Island, which is located in Western Japan. The inset in Fig. 1 shows the storm area where the wind speed exceeded 25 m/s as forecasted by the JMA. The dotted circle in the inset shows the area where the wind speed exceeded 15 m/s. The long-dash circle is the 70% probability circle for the location of the center of Typhoon 9918 at 09:00 on 24th September, 1999. An anomalous storm surge was induced in the closed sea of the western region of Kyushu Island (Fig. 2) by Typhoon 9918. The maximum anomaly was estimated to be about 3 m at the northern part of the west coast of Yatsushiro Sea [1] . The maximum sea level was equivalent to about 2.2 m above Highest High Water Level (H.H.W.L).
The damage due to the storm surges and wind waves caused by Typhoon 9918 was reported by the government of Kumamoto Prefecture. A total of 16 people were killed, 62772 houses were damaged or destroyed and 1883 houses were flooded.
The significant storm surge due to Typhoon 9918 caused extensive flooding. In the northern part of the western coast of Yatsushiro Sea, 12 people were killed by the storm surge. The actual total number of damaged maritime structures cases facing the west coast of Yatsushiro Sea, denoted by N, is 87. This is the largest number of damage cases in at least the last 50 years.
The damage of structures means breaching of dikes, cracking of seawalls, overturning of breakwaters, shift of breakwaters, removal of rubble from groins, etc.
The number of damage cases is the sum of the cases of damage of structures in each coastline for each typhoon. If the same seawall is damaged at two points along the coastline, it is counted as two damage cases.
In this paper, the number of damaged maritime structures attributed to Typhoon 9918 was estimated using the Improved Central Pressure Method. The Improved Central Pressure Method uses a vulnerability index for the given coast and typhoon passage [2] , [3] . This index is based on the damage caused by 74 typhoons in the past 25 years. The number of damage cases is estimated based on the path of Typhoon 9918 as determined from the typhoon's location and direction of movement at latitude of 30° N. Fig. 1 . Track of Typhoon 9918 along with its probability circles as given by the Japan Meteorological Agency (JMA). The wind speed is in m/s, and the date is given as hours/day. In the inset, the pressure in hPa is given instead of the wind speed. The vulnerability index of maritime structures at the coast is given from the path and the coast. The damage level, which is shown by the number of damage cases, is estimated using the vulnerability index and the central pressure of the typhoon at latitude of 30° N. Similar estimations have been done for each of the other paths.
II. OUTLINE OF TYPHOON 9918
The 74 typhoons, which passed through an area delineated by a latitude of 30° and 35° N and a longitude of 127° and 132° E between 1980 and 1994, were divided into 13 groups based on their paths (Fig. 3, Fig. 4 ) [4] . The number of damage cases for each coast is defined as the number of maritime structures damaged by each typhoon, which can be given by (1)
where N s is the smoothed number of damage cases, N d is the number of damage cases caused by each typhoon for each coast, and N t is the total number of damage cases by all typhoons for this particular coast. The smoothed number of damage cases indicates the contribution to the total damage cases for the coast by each typhoon.
The smoothed number of damage cases is expected to increase rapidly with an increase in the maximum wind speed [4] . This trend can be expressed by (2) .
where V max is the maximum wind speed near the typhoon centre, N s is the smoothed number of damage cases. The values of m for lines in Fig. 5 are 17, 25, 29, 33, 37, 41, and 44 m/s. Equation (3) is deduced from the relationship between the maximum wind speed near the center and the central pressure, P, of the 74 typhoons, (3) into (2) .
where P is the central pressure of the typhoon [5] , [6] . The horizontal axis in Fig Table I shows the number of areas in which the plotted point is located. When no damage occurs, the number is not shown. The number given in Table II is termed the "sensitivity value" for central pressure of typhoon based on the number of damage cases. The sensitivity value indicates the vulnerability of the coast to the individual typhoon paths. It should be noted that a typhoon with the largest smoothed number of damage cases at the coast does not always have the largest sensitivity value. For example, Yatsushiro western coast is easily damaged by the typhoons in paths No. 2, 8, and 11, but is not weak for the typhoons in the paths No. 7, 12, and 13. Table II shows the maximum sensitivity value for each path at the individual coasts. This table indicates the vulnerability index for an individual typhoon path at each coast.
IV. THE APPLICATION OF THE PATHS TO TYPHOON 9918
The central pressure of typhoon 9918 was 935 hPa at a latitude of 30° N. Based on Table 2 , the maximum sensitivity value for the western coast of Yatsushiro Sea for path No. 4 is 4. From Fig. 4 , it can be seen that Region 4 is located between lines d and e. Thus, the smoothed number of damage cases, N s , is obtained from (4) for the sensitivity value of 4 and the central pressure of typhoon, 935 hPa. The maximum smoothed number of damage cases, N s , is 29.9, which is obtained by substituting m = 29 for line e. Similarly, the minimum smoothed number of damage cases, Ns, is 13.0, which was obtained by substituting m = 33 for line d. Therefore, the range for the smoothed number of damage cases along the western coast of Yatsushiro Sea for Typhoon 9918 lies between 13.0 and 29.9 The total number of damage cases along the western coast of Yatsushiro Sea during the 25 years from 1980 to 2004 was N = 307. The number of damage cases for Typhoon 9918 is estimated to be from 13.0% to 29.9% of 307, that is, from 40 to 92. The estimated number of damage cases closely adhere to the actual number of damage cases (N = 87). This fact proves that the Improved Central Pressure method is a usable theory.
On the other hand, comparing the track of Typhoon 9918, shown in Figs. 1 with the 13 tracks given in Fig. 4 , the path of Typhoon 9918 is considered to be similar to the paths No. 3, 4, 5, 6, 7, or 8. In this paper, the number of damage cases for paths No. 3 to 8 is discussed.
Based on 11  T9708  4  T9414  11  T9210  5  1  T8508  11  T 9 6 1 2  5  3  3  3  4 T 9112  11  T9019  6  1  T0209  11  T9313  6  1  3  1  T9905  11  T8019  6  2 T8110  11  6  6  5  5  T0416  6  2  2 T0211  11  T0423  6  2 T9908  11  T0310  6  T9113  11  T0406  6  T0410  12  T 9 7 1 9  6  3  4  1  3 T 9211  12  T9020  6  T9407  13  T8922  6  T0304  13  T8506  6  T9209  13  T9514  6 Based on Table II , the maximum sensitivity value along the western coast of Yatsushiro Sea for path No. 5 is 3. Performing a similar calculation yields the range for the number of damage cases for Typhoon 9918 as 5.7% to 13.0% of 307, that is, from 17 to 40. These values are a little smaller than the actual number (L = 87). Thus, the maximum sensitivity value for path No. 6 is 2. The maximum sensitivity value for path No. 7 is 0.
Based on Table 2 , the maximum sensitivity value along the western coast of Yatsushiro Sea for path No. 8 is 6. The smoothed number of damage cases, N s , is obtained from (4) for the sensitivity value 6 and the central pressure of typhoon, 935 hPa. The minimum smoothed number of damage cases is 68.6, which is obtained by substituting m = 25 for line f. Thus, the minimum number of damage cases for Typhoon 9918 is estimated to be 68.6% of 307, that is, 211. This number is large compared with the actual number (N = 87). This means that the western coast of Yatsushiro Sea is a more vulnerable to path No. 8.
V. DISCUSSION
The application of paths No. 3, 4, 5, 6, 7, and 8 to Typhoon 9918 shows that the estimated values of the number of damage cases of maritime structures along the western coast of Yatsushiro Sea differ greatly. It is shown that the estimated damage level along the western coast of Yatsushiro Sea is largely affected by the changes in the path of the typhoon. Table III shows the maximum meteorological tide and the sea level due to the typhoons following paths No. 3 to 8, and the tide due to Typhoon 9918 based on data from the Misumi tide station (Fig. 2) .
Under normal circumstances, the maximum meteorological tide does not occur at the same time as the maximum astronomical tide. The third column (Peak before) in Table 3 indicates the peak sea level and the time (day, hour, and minute) when the maximum astronomical tide occurred prior to the maximum meteorological tide. The fourth column (MMT) indicates the maximum meteorological tide and the time (day and hour). The fifth column (Sea L.) is the sea level when the maximum meteorological tide occurred. The sixth column (Peak after) indicates the peak sea level and the time (day, hour, and minute) when the maximum astronomical tide occurred subsequent to the maximum meteorological tide. In Table III , "below" is used to indicate that the maximum meteorological tide value was below 30 cm. For Typhoon 9117, which followed path No. 4, the maximum meteorological tide occurred 3.5 hours before the second maximum astronomical tide. The sea level at this time was rather low, 436 cm. Thus, it can be assumed that the damage caused by Typhoon 9117 was not due to the storm surge. There is no other typhoon that followed path No. 4. For Typhoon 9918, although the maximum meteorological tide occurred 2 hours before the second maximum astronomical tide, the sea level was rather high, 608 cm. For this reason, when using path No. 4 conditions, the estimated number of damage cases is a small compared to the actual number (N = 87).
For Typhoon 9119, which followed path No. 3, the maximum meteorological tide was 155 cm, which is the largest value between 1945 and 1994. However, it occurred 1 hour after the time of the minimum astronomical tide, while the sea level at the maximum meteorological tide was low at 494 cm, which is shown in Fig. 6 . For this reason, when using path No. 3 conditions, the estimated number of damage cases is smaller than the actual number.
For Typhoon 0418, which followed path No. 3, the maximum meteorological tide was 162 cm, which is the largest value between 1945 and 2004. The sea level at this time was 613 cm, which was the highest sea level at the time when the maximum meteorological tide occurred. Thus, it can be assumed that the damage caused by Typhoon 0418 was due to the severe storm surge. For this reason, when using path No. 3 conditions for Typhoon 0418, the estimated number of damage cases is roughly similar to the actual number.
In fact, for both Typhoons 0418 and 9918, the sea level at the maximum meteorological tide was high (608 cm for Typhoon 9918 and 613 cm for Typhoon 0418) [6] . Therefore, the estimated number of damage cases is similar to the actual number of damage cases. The maximum sensitivity value of Typhoon 0418 for path No. 3 for the western coast of Yatsushiro Sea is 4. This value is the same as the maximum sensitivity value of 4 for path No. 4 of Typhoon 9918.
The storm surge is small for typhoons that follow paths No. 5, 6, and 7. For this reason, when using paths No. 5, 6, or 7 conditions, the estimated number of damage cases is very small compared to the actual number.
The sea level at the maximum storm surge induced by Typhoon 8513, which followed path No. 8, was high, 605 cm. The maritime structures along the western coast of Yasushiro Sea suffered serious damage caused by the storm surge and the wind waves during high tide. For this reason, when using path No. 8 conditions, the estimated minimum number of damage cases (N = 211) is a larger than the actual number (N = 87).
In fact, for both Typhoons 8513 and 9918, the sea level at the maximum meteorological tide was high (608 cm for Typhoon 9918 and 605 cm for Typhoon 8513). However, the estimated number of damage cases is 2.5 times larger than the actual number of damage cases.
The 
VI. CONCLUSIONS
In 1999, Typhoon 9918 struck Kyushu Island, which is in the western part of Japan, causing enormous damage to maritime structures. The number of damage cases to maritime structures caused by Typhoon 9918 was estimated using the Improved Central Pressure Method and compared with the actual number of damage cases. When path No. 4 conditions, which were determined by the position and the direction of the typhoon at latitude of 30° N were applied, the estimated number was a similar to the actual number. Compared to the actual number, the estimated number of damage cases for path No. 3 conditions was the same as for path No. 4; for path No. 5 condition the estimated number was much smaller, while for path No. 8 conditions it was much larger than the actual number. This can be explained by noting that, except for path No. 5 typhoon, serious storm surges were observed for paths No. 3, 4, and 8 typhoons. This paper shows that the western coast of Yatsushiro Sea for path No.8 is the most vulnerable coastal area.
The Improved Central Pressure method can be used to estimate the damage level of maritime structures that will occur along the coast before a typhoon strikes. The forecasting method reported here will be used for the purpose of coastal zone management in disaster prevention works. Further, it is useful for information for storm warning and evacuation for residents along the coastlines.
